Abstract-In the prediction models of tropospheric scintillation on earth-satellite paths from Karasawa, Yamada, and Allnutt and ITU-R, the frequency dependence of scintillation is expressed as a power law with a different exponent for each model. In this paper, this is verified using a collection of measurement results from different satellite links in Europe, the U.S., and Japan at frequencies from 4 to 50 GHz and elevation angles from 2.5 to 52 . It shows that the exponent of the power law varies widely among the results from the different sites. Possible explanations of this are: 1) the frequency dependence of scintillation due to cloudy turbulence is different from that due to clear-sky turbulence and this kind of scintillation may be present to different extents in the various databases due to climatic differences and different clearsky selection procedures or 2) angle-of-arrival fluctuations due to turbulence have a different frequency dependence and this effect may have some impact on the measured scintillation at some of the sites.
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I. INTRODUCTION

S
CINTILLATION is the fast fluctuations of signal amplitude and phase caused by atmospheric turbulence. This effect is due to turbulent irregularities in temperature, humidity, and pressure, which translate into small-scale variations in refractive index. An electromagnetic wave passing through this medium will then encounter various refraction and scattering effects, which result in a multipath effect. In the microwave region, the result is random degradation and enhancement in signal amplitude and phase received on a satellite-earth link, as well as degradation in performance of large antennas, which can also be noticed in synthetic-aperture radars.
In general, the impact of rain attenuation on communication signals is predominant. Scintillation, however, becomes important for low-fade margin systems operating at high frequencies and low elevation angles. It has been observed that at high frequencies ( 10 GHz) and low elevation angles ( 15 ), scintillation may contribute as much as rain or even more to the total fade measured, especially for time percentages larger than 1% and, therefore, for low-fade margin systems. For the prediction of scintillation effects, a few prediction models are currently known. At the time of publication of those, not many measurement results were yet available to verify these models. Nowadays many more measurements have been carried out at various sites. In this paper, the frequency dependence of scintillation is examined using measurement results from several different sites in different continents.
II. PREDICTION MODELS
Both from theory and from various experiments, it has been found that signal-level fluctuations due to turbulence (in decibels) on a short-term basis (up to several minutes) can be described by a distribution around the mean signal level. This is why they can be completely characterized by the variance On a long term basis, correlation between this variance and meteorological parameters is generally observed.
In the prediction models presented by Karasawa et al. [1] and ITU-R [2] , the long term scintillation variance is expressed as related to the wet term of the ground refractivity Nwet, which is a function of relative humidity and temperature measured at ground level [1] . Both models can be written in the following form:
(1) where frequency (GHz) and elevation angle. All of the constants and have different values for the two models.
is an aperture averaging function, as given by Haddon and Vilar [3] for (2) where is a measure of the ratio between the effective antenna diameter and the Fresnel zone size is the radio wave number and can be calculated from the geometrical antenna diameter and the antenna efficiency as (3) The length of the turbulent path can be calculated from the height of the turbulence as where is the effective radius of the earth including refraction, which is dependent on station height and at sea level becomes 8.5 10 m. A value of the height of the turbulence of 1000 m is suggested by ITU-R [2] and 2000 m by Karasawa et al.
The ratio of the variances at and at measured at the same site and with a common elevation angle follows from (1)
The frequency exponent has in the ITU-R model [2] a value of 7/6, which comes directly from Tatarski's theory [4] . Karasawa et al. [1] derived a significantly lower value of 0.9 from their measurements at 11.5 and 14.2 GHz.
It should be noted that, instead of the antenna averaging function from Haddon and Vilar [3] , Karasawa et al. [1] use a function that is a piecewise linear approximation. However, for the calculation of ratios [as in (5) ] this function is less suitable due to the corners between the pieces. The function itself is accurate enough, but ratios of function values get unstable near the corners. Therefore, the function of Haddon and Vilar [3] will be used for all analyses in this paper.
III. MEASUREMENT RESULTS FROM KIRKKONUMMI
A. Measurement Setup at Kirkkonummi
Helsinki University of Technology, Espoo, Finland, has been involved in the Olympus project in which various propagation effects have been studied using measurements of the beacon signals transmitted by the Olympus satellite. The signals at 19.77 GHz, both quasi-vertically and quasi-horizontally polarized, and at 29.66 GHz, quasi-vertically polarized, were received at Kirkkonummi (60.22 N; 24.40 E, about 30 km west of Helsinki) with a Cassegrain antenna with a diameter of 1.8 m. Only the results for quasi-vertical polarization are presented here. The antenna efficiency is 0.63 at 19.77 GHz and 0.38 at 29.66 GHz, and the apparent elevation angle of Olympus seen from Kirkkonummi is 12.7 .
For the analysis of frequency dependence of scintillation, it is advantageous to have such a small antenna and low elevation angle since due to this, the ratio of aperture averaging functions in (5) hardly depends on the height of the turbulent layer. In general, this height is a very uncertain parameter of the aperture averaging factor. Some estimations of this quantity can be made using meteorological measurements as the height profiles of temperature and humidity or by spectral analysis of scintillation measurements, but still very little is known certainly about it. Usually, the height is assumed to be 1000 m or taken as an extra unknown parameter [5] . In Kirkkonummi, however, if the turbulent layer height varies from 500 to 5000 m (which are very extreme values) the ratio varies less than 1%. This dependence would be stronger for a larger antenna or a larger elevation angle. Here, however, the aperture averaging function ratio can be taken as a constant and the study can concentrate on the GHz and GHz, . For this study, the data received from January to December 1990 and from June to October 1992 have been used. The data cover the entire period, except for some intervals of several days due to technical problems of the receiver. The received signal amplitude has been sampled at a rate of 20 Hz, high-pass filtered with a cutoff frequency of 2 MHz, and the variance has been calculated over each minute. No separation of rainy and nonrainy scintillation data has been made in this analysis, however, it has been checked that the inclusion or exclusion of rainy data did not influence the resulting statistics significantly.
B. Calculation of the Frequency Exponent
In Fig. 1 , a contour plot is shown of the joint distribution of at 19.77 GHz and at 29.66 GHz, for the whole measured period. If the average variance ratio is calculated from this distribution at once, the result will be determined mainly by the very lowest variance values since for those values the distribution is highest, while the calculation of the ratio is most inaccurate. In order to regulate the relative importance of different parts of the distribution, the data points are first collected in bins in the direction of the expected curve fit, using the parameter (6) The value 0.7 in this equation has been chosen to match the expected variance ratio. Each bin contains the data points for which is in an interval between and so that in Fig. 1 , the bins have a thin dimension in the direction of the expected curve fit and an infinite length perpendicular to this. To compensate for the effect that the intervals for high variances will be sparse, the values between the intervals are chosen logarithmically so that the intervals will increase in Finally, the resulting values are averaged. For this, a lower threshold of is considered in order to leave out the inaccurate lowest points. Also an upper threshold is used since, as can be seen from Fig. 1 , for high-variance values, moves out of the range of 2 dB (implied by the software) so that the distributions in the highest intervals are not representative. Table I . It can be seen that the result varies slightly with the thresholds used. The average of all these resulting values, given 0.7098, is accepted as the average ratio . An uncertainty evaluation of this calculation is performed as follows. The rms error of a mean value, which is calculated from a distribution of samples of a stochastic variable, is equal to its standard deviation and given by [6] ( 7) where is the standard deviation of the mean value, is the standard deviation of the variable itself that can be found from the distribution of samples, and is the number of samples in the distribution. Applying this formula successively to both steps of the procedure described above, gives that the root mean square (rms) error in the calculated mean ratio is smaller than 0.0065.
To the resulting ratio , (5) can be applied in the reverse direction in order to calculate the frequency exponent , which results in a value of 0.835 (with a rms error of 0.023). This value is lower than both the exponents proposed by ITU-R and Karasawa et al., though close to the latter one. This difference could be explained by the frequencies used, which are both higher than the frequency range for which both models have been validated. However, more measurements at different frequencies are needed in order to draw more quantitative conclusions.
IV. MEASUREMENT RESULTS FROM SPINO D'ADDA
A. Measurement Setup at Spino d'Adda
Politecnico di Milano has been involved in a propagation measurement campaign using the Olympus and Italsat satellites. Scintillation measurements at 12.50 and 19.77 GHz (vertically polarized) were carried out at Spino d'Adda (45.4 N; 9.5 E, 21.5 km east of Milano) in a 30.6 slant path to the satellite Olympus with a Cassegrain antenna having a diameter of 3.5 m and an antenna efficiency of 0.64. The observation period is restricted to July 1993. The scintillation signal was also observed on a 37.8 slant path to the satellite Italsat at 18.69, 39.59, and 49.49 GHz, with a similar Cassegrain antenna of 3.5-m diameter during the summer of 1993 (from June 1-August 31).
Only time series recorded during clear-sky were considered, which was defined as the data with attenuation values smaller than 2 dB at 18.69 GHz. The considered period is larger than 80% of the total time for every month and every beacon. The signal was sampled at a rate of 1 Hz and slowly varying signal contributions were removed by high-pass filtering with a cutoff frequency of 0.008 Hz. The standard deviation was calculated over every minute.
B. Calculation of the Frequency Exponent
From joint distributions of 1-min standard deviations for each frequency pair, the frequency scaling ratios, hereafter referred to as "short-term ratios," were obtained as the slopes of the best fitting straight lines for standard deviations larger than a threshold of 0.1 dB for the 19.77-GHz beacon and scaled for the other beacons. The offset of each fitted line was very close to zero; a forced zero offset would have resulted in similar slopes. For the Italsat measurements, the resulting ratios for the three months were averaged for each frequency pair. From (2) and (5), the frequency exponent was calculated for each frequency pair of the Olympus and Italsat beacons. The values of , shown in Table II , are substantially higher than those proposed by ITU-R (7/6) and Karasawa et al. (0.9) , especially for the higher frequencies of the Italsat pairs.
A procedure to evaluate the uncertainty of the slope of a least-square fitted line is described by Taylor [7] . Following this method, the rms errors of the averaged ratios were calculated to be smaller than 0.003 for all frequency pairs For the Italsat data, the cumulative distribution of standard deviation of scintillation at each frequency was also calculated. In Fig. 3 the cumulative distributions over the period June-August 1993 is shown. From the ratio of the values of scintillation standard deviation at the same probability level, the so-called "long-term frequency scaling ratios" were obtained as a function of probability and then were averaged over the probability range. The ratios and the frequency exponents , calculated from (2) and (5), are shown in Table III (left side). The uncertainty of these "long-term" results are hard to determine, but they can be expected to be smaller than those of the short-term results. Comparing Table III with Table II , it shows that the long-term ratios are more stable than the short-term ones, and the exponents are lower. Especially for the frequency pair 39.59/49.49 GHz, the result of is much lower than from the short-term method. Thus, it shows that the statistical ('long term') ratio of scintillation variance at two frequencies can be different from the instantaneous ('short term') ratio.
The three months averaged -ratios for the short-term and the long-term analyses have been averaged and has been calculated from this; these results are also shown in Table III (right side). These values then represent an average between statistical and instantaneous behavior. Here, the exponent is similar for the three frequency pairs. These are the values which will be used in further analyses in this paper.
V. COMPARISON WITH OTHER SITES
The frequency exponents of scintillation calculated from measurements in Kirkkonummi and in Spino d'Adda are quite different, one being lower than both theoretical values and the other significantly higher. We could now try to use these results to refine the existing prediction models of scintillation by relating the frequency dependence to one of the climatic or system parameters that are different between the sites of Kirkkonummi and Spino d'Adda. However, if we expect this "refined" model to be globally applicable, it is better to first compare our results to those of other experimenters. Analysis of the measurement results from one site is useful for validating existing prediction models. However, in order to develop new globally applicable prediction models, these will have to be validated with global data. Here, we will compare the results of frequency dependence analyses from many sites in different continents where scintillation measurements have been performed at different frequencies simultaneously. For this comparison, results concerning the frequency dependence of scintillation have been extracted from various publications. These published results are usually presented in graphs. The data have been extracted from these by enlarging the paper copies, which were scanned by hand. This way, an estimated accuracy of 0.1% of the maximum range of the graphs could be reached.
The site parameters relevant for further analysis are summarized in Table IV . Some details on the data processing at the different measurement sites include the following.
• In Blacksburg, VA [8] The scaling ratios were obtained as the slopes of the forced zero intercept best fit lines of the scattergrams of standard deviation for each two frequencies. The results from the two events are significantly different for which two possible explanations are mentioned: a difference in average scintillation intensity between the two events causing a different sensitivity to noise or a difference in the turbulent layer height. Here, the results from the two events have been averaged.
• In Crawford Hill, NJ [9] , the orbital signal sources were the 19.04-and 28.56-GHz beacons of the COMSTAR satellites, and the measurements were made with the Bell Laboratories Receiving Facility. The data sampling rate was 4 Hz. Results are reported for the months of July and August of the years 1978 and 1979. Only "dry" scintillation events (i.e., in the absence of significant attenuation) were used for this analysis, the classification of which was performed by hand. The frequency scaling ratio was obtained in two ways: for every value of signal level deviation at 19 GHz, the median occurrence of 28-GHz signal level was calculated and also an equiprobable exceedance relation for signal level at both frequencies was derived. To both resulting relations, straight lines were fitted, which both gave equal slopes. This is the result for the frequency scaling ratio. and Tampa, FL, [11] , scintillation was measured in a propagation experiment using the 20.16-and 27.51-GHz beacons received from the ACTS satellite. Beacon measurements were sampled at 20 Hz during 6-10 min of each hour for periods of 2-4 months (depending on the site) between June and September 1996. From each of these measurement intervals, power spectra were derived by fast Fourier transform (FFT). The variances were calculated from the spectra after correction for receiver noise. This noise variance was taken as the minimum observed variance value in the data for each site. Frequency scaling factors were obtained by fitting lines to scatterplots of the variances for the two frequencies.
• In Kirkkonummi, Finland, the frequency scaling ratio was calculated from the joint distribution of the two signals, as described earlier in this paper.
• In Lessive and Louvain-la-Neuve, Belgium [12] A high-pass filter algorithm was used to separate the rapidly from the more slowly varying components of the measured attenuation signal. The data were divided into rain-event data, characterized by mean fades 3 dB together with short pre-and post-event periods, and the remaining data. The standard deviation was calculated over every 10-min block of data. The frequency scaling ratio was obtained as the peak occurrence ratio of the 14/11 GHz standard deviations for the data set containing the data outside of rain events.
• In a later project in Martlesham Heath, U.K. [14] , Olympus satellite propagation measurements were performed by the University of Surrey between November 1989 and November 1991. The signals at 12.50 and 29.66 GHz were observed using two antennas of different sizes. One scintillation event is reported, from which the variances at both frequencies were calculated over a period of 34.13 min. The frequency scaling ratio is the ratio of these variances. This result is only reported as an example, but it is the only frequency scaling measurement result found in literature from this project.
• In Spino d'Adda, Italy, "short-term" and "long-term" frequency scaling ratios have been calculated and the results of these two methods have been averaged for each frequency pair, as described earlier in this paper.
• In Tokyo, Japan [15] , the transmitter was actually not a satellite, but the star Cas A. The radio waves transmitted by this star were received at 4.17 and 6.39 GHz by one antenna. The two frequencies were coupled simultaneously in linear orthogonal polarizations. The time constant was 1 s. One scintillation event is reported, which occurred on September 3, 1966. The frequency ratio from this event was obtained by performing a curve fit on a joint distribution of signal level of the two frequencies.
• In Upolu, HI [16] , the transmitter of the slant path was also not really a satellite, but was situated on Mount Haleakala, Maui, at an altitude of 3025 m. The receiver was situated at Upolu point, 64 km away at sea level. Since almost the entire 2.5 elevated path was over open sea, the troposphere up to a height of at least 2500 m had the same effect on this link as it would on a satellite link with the same elevation. Five different frequencies (9.55, 19.1, 22.2, 25.4, and 33.3 GHz) were used and the data were collected over nine events of 40 min each, all within the period of September [10] [11] [12] [13] [14] 1971 . For each event, the mean scintillation standard deviation was calculated for every frequency. We calculated the ratio between the mean-event values for five frequency pairs covering all frequencies.
• In Yamaguchi, Japan [17] , long-term propagation experiments have been carried out using the INTELSAT-V satellite link during the year 1983. A satellite beacon at 11.45 GHz, right-hand circularly polarized, and a looped-back wave at 11.18 GHz, linearly polarized that was originally sent out from the ground station at 14.27 GHz (linearly polarized) were received by one Cassegrain antenna. All data were sampled at 1 Hz. A scattergram was made of the signal level variations of the two frequencies during one scintillation event on August 10, 1983, between 12:00 AM and 13:00, and another of the standard deviations of the two frequencies, calculated over every hour for the whole period of August 1983. Curve fits to both scattergrams gave the same frequencyscaling ratio of scintillation. In the scintillation prediction models of ITU-R and Karasawa, the frequency dependence lies not only in the power function , but also in the antenna averaging function [see (5)]. When testing the power law, the frequency dependence of the antenna averaging function should be compensated for. This is done using a "normalized variance ratio" (8) According to the prediction models, this should be equal to (9) with according to ITU-R and according to Karasawa. This normalized variance ratio has been plotted versus the frequency ratio in Fig. 4 for all of the different frequency pairs of all the sites described above. In this plot, the height of the turbulent layer has been assumed 2000 m and the antenna aperture efficiency , where it was not indicated in the references, has been assumed 0.75. Where the frequency scaling ratio given was a ratio of signal level or standard deviation, these ratios have been squared. Observations over only one or a few events are indicated with different symbols than observations over longer periods since in the first case, particular turbulence heights could bias the result.
What concerns an uncertainty evaluation of the comparison of Fig. 4 : the uncertainties in the other results than those from Kirkkonummi and Spino d'Adda are hard to estimate since for most analyses, neither the spread of the distribution of ratios nor the number of data points used in the calculation is given in the respective publications. However, it can be roughly expected that the "long-term" results (" " in Fig. 4 ) have an uncertainty comparable to those of the Kirkkonummi VI. DISCUSSION Fig. 4 shows a large spread between the results of the different sites. Assuming different values for or did not change this situation significantly. Neither is there a clear distinction between "event" and "longer period" observations. In an attempt to create a bit of order in this chaos, we have searched for a correlation with other parameters. A dependence of the exponent on frequency seems a logical suggestion, however, we found no correlation between these parameters as sites with similar frequency pairs gave very different results.
It might be stated that at some sites, the sampling frequency of the scintillation measurement was quite low (1 Hz), which could cause an essential part of the scintillation spectrum to be cut off from the measurements, which, in turn, would cause an error in the calculation of the ratio. However, this still would not explain the difference between the result from Kirkkonummi and those from Fairbanks, Fort Collins, Norman, and Tampa, where the sampling frequencies were all 20 Hz, which is generally considered high enough.
From Fig. 4 , it seems that the sites with low elevation angles (Upolu, Tokyo, Yamaguchi) reach the highest normalized variance ratios and those with high elevation angles (Crawford Hill, Spino d'Adda with Italsat) the lowest. This suggests that the frequency exponent may be dependent on the elevation angle. This should be more clearly seen in Fig. 5 , where the frequency exponent as it would result from all the measurements by applying (9) , has been plotted versus the elevation angles of the sites. In this picture, some of the results seem to point in that direction, but the results from Fort Collins, Norman, and Tampa clearly contradict this hypothesis. A possible relation between and the turbulent height could be suggested, but in order to check this, meteorological data from all the sites during the measurement periods would be needed. However, such a relation seems unlikely considering that the turbulent height, assuming that it is related to the 0 isotherm height, is correlated with the ground-level temperature. This height should, therefore, in Upolu and Tokyo in September, be comparable to Spino d'Adda in the summer, while Figs. 4 and 5 show that the frequency dependencies of scintillation observed at these sites are furthest apart of all.
All the hypothetical explanations mentioned up to here can thus be rejected. However, one possible explanation for the large differences between the results from different sites, is the occurrence of different scintillation mechanisms at the same time, which have different frequency dependencies. The shortand long-term results for the highest frequency pair in Spino d'Adda are very different (see before). This suggests that two mechanisms may be active, which have different statistical properties.
A physical explanation of this kind was pointed out by Jones et al. [13] . The frequency exponent from Martlesham/Intelsat as shown in the figures of this paper was obtained from a "nonrain-event" data subset. The frequency exponent resulting from the "rain event" subset, characterized by fades 3 dB, would be significantly higher. This indicates that scintillation measured during clouds and precipitation is caused by a different mechanism than "dry" scintillation and has a different frequency dependence. They call this mechanism "turbulent attenuation," being due to the turbulent mixing of air masses with different liquid water contents. In that case, the discrepancies between the sites may be explained by different contents of cloudy/rainy data in the databases due to climatic differences between the sites, and differences in preprocessing procedures, in particular "event"-and "clear sky"-selection procedures. Even though it was found that for Kirkkonummi, the inclusion or exclusion of rain events did not significantly change the result of the analysis; for other sites in different climates this influence may be larger. In climates with a large average probability of rain, turbulent attenuation could even play a major role in the observed scintillation.
As another possible explanation, the extreme results from Spino d'Adda may have been caused by angle-of-arrival fluctuations. In case of a very narrow antenna beam, variations in the angle of arrival of the mean signal during a scintillation event may cause fast fluctuating fading (but no enhancement) of the signal. Vilar et al. [18] presented a technique to measure these angle-of-arrival fluctuations. Although still very little is known quantitatively about this effect, its frequency dependence can be estimated in the following way. The main lobe of the antenna pattern can be modeled as a parabolic function dB (10) where is the angle from the antenna axis and is related to the 3-dB beamwidth as dB (11) Now, if a radio wave is refracted due to turbulence such that it is received at an angle from the main axis of the antenna, it will be received with a signal fade relative to a wave received at the main axis. Assuming now that the magnitude of the angle-of-arrival fluctuations does not depend on frequency, the ratio of momentary fades and for two signals at frequencies and , arriving both at angle , is
Thus, under this assumption, the frequency ratio of momentary fades is constant, depending only on the ratio of the 3-dB beamwidths for the two frequencies and not on the angle . Then the waveform of the fluctuations will be similar for the two frequencies and the ratio of the variances will be equal to the square of (12) (13) The 3-dB beamwidth of an antenna at a certain frequency can be found from (14) with in GHz and in meters. So, in the cases where the effective antenna diameter is equal for both frequencies, the variance ratio becomes and the frequency exponent becomes 4. Since this is significantly larger than the exponent 7/6 derived from Tatarski's theory, it is considered possible that this effect plays a role in the measurements at Spino d'Adda, where remarkably high-frequency exponents were measured. However, since the variance ratio does not depend on the absolute 3-dB beamwidth, this effect can play a role for any measurement site. Therefore, the whole set of measurement results has been compared to this theory. Because not all sites have equal effective antenna sizes for all frequencies, (13) cannot be represented in Figs. 4 and 5 . Therefore, the variance ratios have been plotted the versus the inverse of the 3-dB beamwidth ratio in Fig. 6 . Equation (13) is represented in this figure by the dotted line.
It is seen in this figure that most of the measured variance ratios are larger than predicted by the angle-of-arrival fluctuation theory. This suggests that this effect might play a role for those cases where the measured variance ratio was smaller than predicted by Tatarski's theory (ITU-R model; dotted line in Fig. 4) . However, there is still no explanation why it should especially play such a large role in Spino d'Adda. It could be suspected that the relative impact of this effect is larger for highly directive antennas, however, the antenna beamwidths in Spino d'Adda are not extremely small, but similar to those in Tokyo, Yamaguchi, Martlesham/Intelsat, Eindhoven, and Crawford Hill: around 0.2 , while the others range up to about 1.2 .
VII. CONCLUSIONS
The frequency dependence of scintillation, as obtained from measurement results at various sites, shows remarkable differences. No convincing correlation of this effect could be found with any meteorological or system parameter. A possible explanation is that scintillation due to cloudy turbulence has a different frequency dependence than "dry" scintillation and is present in different portions of the data from the various sites. If this hypothesis is correct, the frequency dependence of scintillation could in future prediction models be expressed as depending on a climatic parameter. In future measurements of tropospheric scintillation, the different properties of scintillation observed during clear sky and during rain should be examined.
As another explanation, angle-of-arrival fluctuations have a different frequency dependence, and possibly play a role in turbulence-induced scintillation for highly directive antennas, but it remains unclear for which sites this effect should be strongest. The relative impact of angle-of-arrival fluctuations on measured scintillation requires much further study.
The observations in this paper illustrate that measurement results covering the whole relevant range of all parameters are needed in order to develop a global model for scintillation prediction. Extrapolations, even if theoretically justified, may not be in agreement with reality at all.
Finally, it has been illustrated that in the case of observed discrepancies between measured results and model predictions of any effect, it is useful to compare this observation with other experiments before modifying the model coefficients to fit to one's own results.
